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By rigorously accounting for mesoscale spatial correlations in donor/acceptor surface properties, we develop
a scale-spanning model for same-material tribocharging. We find that mesoscale correlations affect not only
the magnitude of charge transfer but also the fluctuations—suppressing otherwise overwhelming charge-transfer
variability that is not observed experimentally. We furthermore propose a generic theoretical mechanism by
which the mesoscale features might emerge, which is qualitatively consistent with other proposals in the
literature.
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Tribocharging, i.e., charge transfer between materials dur-
ing contact [1,2], plays a critical role in natural phenom-
ena [3–7], industrial processes [8,9], and energy harvesting
devices [10–12], yet resists interpretation. One fundamental
roadblock has been the inability to identify the atomic-scale
mechanism, and in particular the charge carriers, i.e., ions vs
electrons [2]. An equally important roadblock is the lack of
quantitative agreement between experiments and theory. Ex-
perimentally, issues such as the difficulty of measuring contact
areas render much data qualitative (e.g., the sign or scale of
charging) [13–18]. Theoretical advances are stymied by the
multiscale nature of the effect, where one must simultaneously
account for probabilistic effects at the atomic scale (< 1 nm),
unexplained emergent features at the mesoscale (∼1 μm),
and then through these explain the familiar behavior of the
macroscale (> 1 mm).
Same-material tribocharging, where charge is exchanged
between identical materials, is perhaps the most puzzling
manifestation of the phenomenon. It has been attributed
to trapped electrons [19–25], induced polarization [26–30],
or mechanochemistry [8,31–33]. Yet, experiments on same-
material tribocharging have produced some of the most valu-
able clues. Using soft (Young’s modulus ∼1 MPa), atomically
smooth (roughness <1 nm) polymers to achieve conformal
contact, Apodaca et al. found that the magnitude of charge
transfer grows with the square root of the contacting area
[34]. They proposed that the surface consists of equally-sized,
randomly-assigned donor/acceptor sites [Fig. 1(a)], each ca-
pable of giving/receiving one unit charge. This allowed them
to recover |Q|=C√A, where the prefactor C depends on
the length scale of a single site l0. As pointed out by Sow
et al. [31], l0 should be on the scale of one atom, yet fits to
*galienmariep.grosjean@ist.ac.at
Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.
Apodaca’s model required a value of ∼0.005 Å—more than
100 times smaller than the Bohr radius of hydrogen.
Nonetheless, features suggestive of their idea have been
observed but at significantly larger scales. Using Kelvin force
probe microscopy on the same polymers, Baytekin et al. found
‘mosaics’—regions of neighboring positive/negative charge
after contact—that were spatially correlated over scales up
to ∼450 nm [35]. Invoking a scaling argument to resolve
the site-size inconsistency, Sow independently proposed that
mesoscale donor/acceptor regions might exist, though they
did not specifically connect these to Baytekin [31]. In this
work, we use analysis validated by numerical simulations
to thoroughly develop the model of Apodaca in light of
the scaling proposed by Sow and the mosaics observed by
Baytekin. We obtain an exact version of Sow’s scaling ar-
gument, which we validate using Apodaca’s charging data
and Baytekin’s mesoscopic length scale. Going further, we
investigate the fluctuations in charging, which we find over-
whelm any trends in sequential contact charging between two
surfaces unless mesoscale donor/acceptor correlations are
present. Finally, we propose a general theoretical formulation
for how donor/acceptor regions might form, which produces
a tunable mesoscopic length scale that leads to charging
consistent with our analysis.
We start by explaining a first set of numerical simulations,
where we mimic charge transfer between ‘synthetic’ surfaces
(in contrast to physically derived surfaces later) by creating
two N-element matrices involving three length scales: l0,
l , and L. The smallest, l0, corresponds to the elementary
donors/acceptors of the atomic scale and is represented by
a single matrix element. The largest, L, corresponds to the
macroscopic system size. We assume that there is a single
intermediate scale, l , that characterizes the mesoscopic cor-
relations observed by Baytekin. (Note they measured charge,
but this implies donor/acceptor correlations.) Each matrix
element is assigned as donor or acceptor, with probabili-
ties p and 1 − p, respectively. We account for correlations
in assignments via thresholding a random scalar field (see
Supplemental Material [36]). To perform a ‘contact,’ we first
generate a ‘left’ and ‘right’ surface from identical input length
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FIG. 1. (a) Apodaca et al. suggested that same-material tri-
bocharging may arise from equally-sized, randomly-distributed
donor/acceptor sites, where unit charges e are transferred during
contact [34]. (b) Surfaces with identical macroscopic size L, mi-
croscopic scale l0, but different mesoscale correlation lengths l . On
the left l = l0, and on the right l =5 l0 (where l0 is the site size).
(c) The single-contact distribution in Q is broader when l =5 l0
(violet, ∼200 e) than when l = l0 (pink, ∼100 e). (d) For sequential
contacts, charge transfer is enhanced when l =5 l0, and fluctuations
that dominate the l = l0 case are suppressed.
scales and probabilities [Fig. 1(a)]. Charge transfer of one
unit, e, between matrix elements [i,j] occurs if (1) [i,j] on the
left/right is a donor, (2) [i,j] on the right/left is an acceptor, (3)
the value of an independent random uniform variable is less
than the transfer probability α, and (4) for sequential contacts,
transfer at [i,j] hasn’t yet occurred. The net charge transferred
is the difference between left-to-right (‘right’) and right-to-left
(‘left’) transfers.
Figure 1(b) shows two representative surfaces, one with
l = l0 and the second l =5 l0. Although their only difference
involves the length scale l , we see stark changes in the
charging behavior when we contact two surfaces with l = l0
vs two with l =5 l0. In Fig. 1(c), we plot distributions of
the charge transferred in the first contact, Q, for 1000 pair
instances. As we do not assume any post-contact discharge
[37], both distributions are Gaussian and centered at zero,
but while l = l0 produces a width of ∼100 e, the l =5 l0
width is ∼200 e. Correlations also change the behavior during
sequential contacts. Figure 1(d) shows two examples of the
accumulated charge |Q| vs the number of contacts nc for
two different surfaces, each from a different surface pair.
(Note either curve from this plot is the same as what is
shown in Apodaca Fig. 1(b), although we do not show the
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FIG. 2. (a) Average charge transfer |Q| after one contact, for
different values of l and L (α=1, p=0.5). Assuming l < L, the
scaling |Q|∝L is recovered but with a growing prefactor. (b) For
fixed L and l , |Q|∝αk , where k changes with l . (c) For l0  l < L,
the data from (a) collapses to a line of slope unity when rescaled
using Eq. (2). (d) The exponent k vs l/l0. When l ≈ l0, transfer is
probabilistic [Eq. (1)] and |Q|∝√α. When l  l0, transfer occurs
at a fixed rate [Eq. (2)] where |Q|∝α.
negatively charging counterparts as this should be clear from
charge conservation [34].) Like the initial transfer, the final
charge Q f is typically larger when l =5 l0. Additionally, the
fluctuations on approach to Q f are significantly different for
the two situations [Fig. 1(d)]. When l =5 l0 these are hardly
discernible, leading to smooth and monotonically increasing
behavior (consistent with experiments [34]). However, l = l0
they are on the order of Q f , leading to nonmonotonic behavior
that is not observed experimentally.
We now examine the first contact behavior of these sim-
ulations in detail. Figure 2(a) shows the average absolute
value of charge exchanged, |Q|, for increasing system size
and several values of l . The scaling |Q|∝√A∝L/l0 is
recovered, but the prefactor steadily increases with l > l0. This
scaling is limited by the condition that l < L. If the length
scale l is larger than the system, the scaling becomes |Q|∝
A∝L2/l20 . Figure 2(b) shows that the dependence on the
transfer probability α exhibits unexpected nonlinear behavior
as a function of the correlation length l . At every value of l ,
we see a trend consistent with a power law, i.e., |Q|∝αk .
However, the exponent k increases with l , starting at k =0.5
for l = l0 and saturating at k =1.0 for l  l0 [Fig. 2(d)].
To analytically explain these observations, we first con-
sider the case L l = l0, here sketching our argument
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(details are in the Supplemental Material [36]). We mo-
mentarily focus on right transfers, which occur with
compound probability p(1 − p)α. Absent correlations, all
sites [i, j] are independent, hence the total right charge
transfer is Gaussian with mean eN p(1 − p)α and width
e
√
N p(1 − p)α(1 − p(1 − p)α). A similar distribution ex-
ists for left transfer, but technically only when considered
independently—simultaneous left/right transfer cannot occur.
Nonetheless, the probability for this is small, and we there-
fore approximate the left/right distributions as independent.
The net transfer Q is thus also Gaussian distributed, with
zero mean and width σ =e√2N p(1 − p)α(1 − p(1 − p)α).
Neglecting terms like (p(1 − p)α)2 and considering |Q|=√








2p(1 − p)α. (1)
This recovers the
√
A scaling found in Ref. [34], with the
difference that the α dependence is square root rather than
linear. This is supported by our simulations in Fig. 2(d). In the
Supplemental Material [36], we verify that Eq. (1) collapses
our simulated data for wide ranges of p and α.
Next we consider the case L l  l0 (again with details
in the Supplemental Material [36]). This fundamentally al-
ters the argument above as the site identities exhibit spatial
correlations. To handle this, we first imagine rescaling the
system by l/l0, leading to surfaces with N ′ =N/(l/l0)2 larger
‘patches,’ each consisting of many sites. Identities of entire
patches still occur with probabilities p and 1 − p. Next, we
rescale back to deal with transfers, which still occur inde-
pendently for each site. During contact, regions of donors
face acceptors with the characteristic size of a patch. If the
number of sites in these regions (n= (l/l0)2) is large, the
mean transfer per patch (αn) effectively hides the fluctuations
(
√









2p(1 − p). (2)
Here, like in the Apodaca work, the α dependence is linear.
The critical difference, however, is the dependence on the
intermediate length scale, which amplifies the charge transfer
by the factor l/l0. We confirm this with our simulated data
in Fig. 2(c), where the prefactor F =αl/l0
√
4p(1 − p)/π
collapses |Q| when l  l0 and l < L. Qualitatively, the
explanation for this amplification is that the variability (i.e.,
standard deviation) in the number of donors/acceptors on a
surface increases with the scale of spatial correlations. One
can quickly grasp why by considering the extreme case l >L,
where each surface is essentially purely donor or acceptor, and
consequently |Q|∝αeN ∝A. Indeed, all of the points where
l > L follow this scaling in Fig. 2(a). This highlights that
same- and different-material tribocharging can be considered
two manifestations of a similar underlying phenomenon, only
appearing different depending on the scale at which one looks.
We now turn to sequential contacts. As the simulation
results of Fig. 3(a) show, repeated contacts with the same
surfaces leads to curves in accumulated charge, |Q| vs nc,



















































FIG. 3. (a) Sequential contacts lead to accumulated charge, |Q|,
which ultimately saturates at Qf (here for several l/l0, α=0.1 and
p=0.5). For small l/l0, fluctuations are on the order of Qf , whereas
for large l they are suppressed. Dotted lines correspond to Eq. (3)
using the measured Qf . (b) We quantify fluctuations by repeating the
first contact between the same two surfaces and measuring the spread
δQ. (c) For a particular surface pair, δQ depends on both α and L,
but is largely independent of l . (d) Ensemble averages of relative
fluctuations δQ/Qf collapsed by factor F ′ =
√
α(1 − α)π/2 vs l/l0,
which shows fluctuations are suppressed by spatial correlations. Each
point corresponds to the ensemble average over 20 pairs of surfaces
of the fluctuations over 50 contacts.
we show that the underlying trend is given by a saturated
exponential, i.e.,
Q(nc) = Q f (1 − exp(−αnc)). (3)
Figure 3(a) also illustrates the presence of fluctuations on
approach to Q f . For large l/l0, these aren’t noticeable, but
for small l/l0 they are overwhelming, and cannot be sup-
pressed even when we increase the system size L. We quantify
their scale by repeatedly performing first contacts between
individual surface pairs (‘resetting’ each time) and measuring
the standard deviation δQ [Fig. 3(b)]. In Fig. 3(c) we show
δQ for a few pairs, which reveals that the fluctuations grow
with the macroscale length L and depend strongly on α but
are independent of the mesoscale l . To analyze why, we note
that a particular pair has a fixed donor/acceptor arrangement,
which means δQ arises solely from α. Denoting the number
of donors on the left/right that face acceptors on the right/left
as N, one finds that δQ=e
√
(N← + N→)α(1 − α). In the
Supplemental Material [36], we justify using the averages
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N= (L/l0)2 p(1 − p) to find the ensemble expression,
δQ = e L
l0
√
2p(1 − p)α(1 − α). (4)
This establishes that the fluctuations, like |Q|, grow linearly
with L, but unlike |Q| are independent of l . Consequently,
they cannot be suppressed by increasing system size, but can
be suppressed by the introduction of the intermediate scale l .
In Fig. 3(d), we collapse the simulated δQ data to our pre-
dicted line with the appropriate rescaling. Our considerations
here also have the implication that the fluctuations in charge
transferred between a single surface pair should be smaller
than the fluctuations between an ensemble of surface pairs,
which is consistent with previous observations [17,34].
The last question we posed remains: Why do the intermedi-
ate scale correlations emerge in the first place? Several mech-
anisms have been proposed. Among the most prominent, Sow
suggested a mechanochemical mechanism based on statistical
fluctuations in localized strain [31]. For inelastic materials at
very large strains (i.e., deep into the plastic regime) it has
been shown that voids form, which are suggestive [38]. In
this case, the process for a growing length scale is clear—
the materials are ripped apart—yet the polymers used by
Apodaca/Baytekin are highly elastic and not intentionally
stretched. There is some indication that uniform in-plane
strain during compression could play a role [31], but this
does not explain statistical fluctuations in localized strain at
a particular mesoscopic length scale. A second, widely held
view makes connections to ‘islands’ of adsorbed surface water
[17,18,37,39,40], which definitively do form on surfaces with
a similar size scale to charge mosaics [41]. To add to this
idea, Burgo et al. showed that water causes virtually all
materials it touches to charge negatively [42]—hence patches
of ‘wet’ surface vs ‘dry’ surface might be interpreted as
donor/acceptor regions. Finally, other authors propose that
the such heterogeneous features should arise naturally in
polymers, pointing to Flory-Huggins theory [43].
We take a more theoretical approach and try to identify
generic physical ingredients that could cause a particular
length scale to emerge. We propose that a surface formation
process which energetically favors neighboring donors (or
equivalently, neighboring acceptors) is a viable candidate.
We support this idea by developing a second, distinct set
of simulations to mimic the physics of surface formation,
which are time dependent and latticed based, and which again
produce L/l0 × L/l0 donor/acceptor matrices. At each time
step, we assume a donor site can transition into an acceptor
site, and vice versa. The transition probabilities of a given site
depend on its neighbors, i.e.,
PA(ν) = P0 exp(−Kν)
PD(ν) = P0 exp(−K (4 − ν)), (5)
where ν is the number of neighbors that are donors (i.e., ν ∈
[0, 4]). The exponential form is motivated from an Arrhenius-
like process where each neighbor modifies a local energy
barrier by ε/kT =K . This process could equally represent
interactions between individual atoms/molecules or processes
taking place a continuous medium [44–46], and thus shares
qualitative similarities with either water islands or phase
(a)
























































FIG. 4. (a) A generic nucleation process can lead to
donor/acceptor regions with a characteristic size l > l0. (b) We
measure l/l0 using the radial correlation function C(r) [Eq. (6)],
averaged over several surfaces (error bars represent the standard
deviation). The inset shows the whole vertical range. (c) We vary
l/l0 through parameter K in Eq. (5). The error is calculated from the
error on C(r). We keep the same color scale for l/l0 in all subfigures.
The inset shows that p remains constant. (d) As before, the charge
transferred after a contact is amplified by the introduction of l .
The error bars indicate the standard deviation. (e) We verify that
Eq. (2) is still valid. The dotted line is the identity line. Deviations at
intermediate K are due to the presence of a spectrum of feature sizes
(see Supplemental Material [36]).
separation during curing (i.e., Flory-Huggins). Full details can
be found in the Supplemental Material [36].
Starting with an initial arrangement, a surface evolves until
it reaches a dynamic equilibrium set by the parameters in
Eq. (5) (for a movie, see the Supplemental Material [36]).
Three examples for different K are shown in Fig. 4(a). To
characterize these surfaces in the context of our analysis, we
measure p and l/l0. Determining p is trivial. To get l/l0 we
start by calculating the correlation function,
C(r) = 〈s(R)s(R + r)〉 − 〈s(R)〉〈s(R + r)〉, (6)
where s is the site identity at a position R, r is the distance
from the point R, and averages denoted by 〈 〉 are over all
sites separated by r. Figure 4(b) shows an example of C(r)
for a particular surface. We use the first zero crossing [within
the standard deviation of C(r)] to define the correlation length
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l as it corresponds to the typical distance before having an
equal probability of switching from donor to acceptor (or
vice versa). In the Supplemental Material, we show that this
identically recovers the input correlation lengths of our other
set of simulations [36]. In Fig. 4(c), we show how sweeping
through the parameter K (P0 fixed) allows us to explore nearly
two orders of magnitude in l/l0 (with p≈0.5).
After they have reached a dynamic equilibrium, we freeze
these surfaces and then use them as input for contact experi-
ments, with the same transfer rules as before. We generate 20
surfaces for various combinations of correlation length l/l0
and system size L/l0, and calculate |Q| for every permu-
tation [Fig. 4(d)]. The effect of spatial correlations in this
physically-derived system is the same as with the synthetic
surfaces, i.e., the magnitude of transfer increases with the
correlation length. Figure 4(e) presents the results rescaled
using Eq. (2), which largely collapses them onto a single line
with the predicted unity slope. In the Supplemental Material
[36], we show that the deviation for intermediate K is due a
broader ‘spectrum’ of length scales for l than in our synthetic
simulations.
We have shown that the intermediate scale corresponding
to donor/acceptor spatial correlations l plays a crucial role in
Apodaca’s framework for same-material tribocharging. In a
single contact, it amplifies the amount of charge transferred, in
line with the scaling argument proposed by Sow. In sequential
contacts, it suppresses otherwise overwhelming fluctuations,
yielding the smooth curves that are observed experimentally.
We have furthermore introduced a generic theoretical mech-
anism for how the intermediate length scale might emerge,
which is based on the energetics of donor/acceptor interac-
tions during the formation process. Our work may have impli-
cations regarding the carrier and mechanism. If experiments
can validate our modification to the Apodaca’s framework,
this would suggest that the model is quantitative. For example,
we predict that single-pair charging fluctuations (δQ) should
be related to the ensemble fluctuations (∝|Q|) through the
correlation length l . Measurements of l are already possible
with KPFM, and measurements of charge may become precise
enough to resolve δQ [17]. If such aspects of the model can be
validated, then confident extractions of α from experimental
data can be made, giving information related to underly-
ing atomic-scale mechanism [47]. Although our model is
restricted to surfaces where the macroscopic contact area is
known, these considerations become even more important in
systems where roughness or stiffness play a role.
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